Ion Microscopy in Biology by Morrison, George H. et al.
Scanning Microscopy 
Volume 1994 




Ion Microscopy in Biology 






Follow this and additional works at: https://digitalcommons.usu.edu/microscopy 
 Part of the Biology Commons 
Recommended Citation 
Morrison, George H.; Gay, Isabelle; and Chandra, Subhash (1994) "Ion Microscopy in Biology," Scanning 
Microscopy: Vol. 1994 : No. 8 , Article 28. 
Available at: https://digitalcommons.usu.edu/microscopy/vol1994/iss8/28 
This Article is brought to you for free and open access by 
the Western Dairy Center at DigitalCommons@USU. It 
has been accepted for inclusion in Scanning Microscopy 
by an authorized administrator of DigitalCommons@USU. 
For more information, please contact 
digitalcommons@usu.edu. 
Scanning Microscopy Supplement 8, 1994 (pages 359-370) 0892-953X/94$5 .00 + .25 
Scanning Microscopy International, Chicago (AMF O'Hare), IL 60666 USA 
ION MICROSCOPY IN BIOLOGY 
George H. Morrison·, Isabelle Gay, and Subhash Chandra, 
Baker Laboratory of Chemistry, Cornell University, Ithaca, NY 14853 
(Received for publication October 29, 1993, and in revised form January 7, 1994) 
Abstract 
Ion microscopy, a mass spectrometry based isotopic 
imaging technique, is uniquely suited for ion transport-
related problems in biological systems. Due to its high 
sensitivity, it can image the transport and distribution of 
both major and minor elements (isotopes) at subcellular 
resolutions. The images of major elements such as K, 
Na, Cl, etc., can be viewed directly and recorded in 
real-time from the microchannel plate-fluorescent screen 
detector of the instrument. The low concentration 
physiologically important elements, such as Ca, need 
about one minute of integration for good quality imag-
ing. The isotopic imaging capability of ion microscopy 
provides a unique approach for the use of stable isotopes 
as tracers. In this way, one can image both the endoge-
nous and the transported isotopes independently. Strict 
cryogenic sample preparations are essential for ion 
transport studies. Correlative imaging of the same cell 
with laser scanning confocal microscopy and ion micros-
copy can positively identify smaller cytoplasmic com-
partments such as the Golgi apparatus in calcium 
images. We have identified the Golgi apparatus as a 
calcium storing organelle. Another unique application of 
ion microscopy is the imaging of boron from boronated 
drugs used in Boron Neutron Capture Therapy (BNCT) 
of cancer. Ion microscopy is capable of rapid screening 
of potential drugs for BNCT. This critical information 
is essential for the fundamental understanding of BNCT. 
Ion microscopy is now at the stage where it can provide 
previously unattainable answers to important biomedical 
questions. 
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Introduction 
Inorganic elements have long been recognized as 
playing very important roles in biological systems. Cells 
spend an enormous amount of energy in maintaining 
ionic gradients of K+, Na+, and Ca2+. Elements such as 
Mg, Cu, Zn, etc. are important cofactors for enzymatic 
reactions. Calcium alone has become a major area of 
research in cell biology. Its fluxes have been considered 
as "messengers" for physiological events. Consequently, 
subcellular localization of elements has become a major 
area of research in cell biology. Figure 1 shows a list of 
techniques which have evolved in the past two to three 
decades with analytical capabilities for measuring 
elements. The left column represents the incident 
sources and the right column the detected species in 
various microanalytical techniques. In general, these 
techniques include electron spin resonance (ESR), 
nuclear magnetic resonance (NMR), ultraviolet (UV), 
fluorescence, Raman and infrared (IR) spectroscopies, 
electron spectroscopy for chemical analysis (ESCA), and 
laser ablation microprobe mass spectrometry (LAMMS). 
The techniques based on incident electrons include 
backscattered secondary electron detection (BSE), Auger 
electron spectroscopy (AES), electron probe microanaly-
sis by the detection of x-rays (EPMA), and electron 
energy loss spectroscopy (EELS). The techniques based 
on incident ions include secondary ion mass spectrome-
try (SIMS), and proton induced x-ray emission (PIXE). 
Although all of these techniques have been exploited for 
biological analysis, EPMA has been the most popular 
one. These techniques have their strengths and weak-
nesses for biological analysis. Our laboratory has been 
exploring the technique of ion microscopy, which is 
based on secondary ion mass spectrometry (SIMS), for 
biological applications. 
Ion microscopy is an imaging technique capable of 
determining elemental and isotopic microdistributions in 
biological systems. Due to its high sensitivity, it can 
image intracellular distributions for major and minor 
elements at subcellular resolutions reaching 0.5 µm, 
thereby providing a powerful approach for studying the 
complex roles of elements and ion transport in cell 
physiology. Ion microscopy depends on the sputtering 
phenomenon which occurs when a solid sample surface 
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Figure 1: Techniques with analytical capabilities for 
measuring elements. The left column represents the 
incident sources and the right column represents the 
detected species. 
is bombarded with an energetic primary ion beam [36). 
Secondary ions (either positive or negative) are sputtered 
from the sample, dispersed according to their energies, 
filtered, and then dispersed according to their mass-to-
charge ratio. The transmitted mass can then be imaged 
using an image detector such as the microchannel 
plate/fluorescent screen assembly. The optics of the ion 
microscope are such that there is a one-to-one corre-
spondence between the relative position of atoms in the 
sample and the final position of ions as they strike the 
detector. The ion images represent the surface chemistry 
of the sample; continuous sputtering provides three 
dimensional information. Ion images of several different 
elements for a given field of view allow multielemental 
analysis from the same specimen. Using stable isotopes 
and drugs tagged with stable isotopes or elements which 
are not present in the cell matrix, ion microscopy can be 
used to perform localization and transport studies of 
biological systems. In this review we briefly describe the 
basics of ion microscopy instrumentation and its applica-
tion to biological problems. 
Instrwnentation 
Figure 2 shows a schematic of a Cameca IMS-3f ion 
microscope. This instrument has been described in detail 
elsewhere [ 17). In brief, the primary ion beam is 
accelerated to a desired energy (5 to 20 keV) and 
purified in a magnetic sector mass filter. The purified 
beam is then focused using the electrostatic lenses of the 
primary column onto the specimen held under vacuum 
(about 10·8 Torr) in the sample chamber. The impact of 
the primary ion beam causes the sputtering of a few 
atomic layers of the specimen. A fraction of these 
360 
sputtered particles leave the surface as ions. These are 
referred to as secondary ions. The sample is held at 
±4.5 kV; secondary ions of the same polarity as the 
sample are accelerated through an electrostatic immer-
sion lens and into the mass spectrometer. The immersion 
lens allows the secondary ions to maintain their surface 
orientation. In the double focusing mass spectrometer, 
the electrostatic analyzer (ESA) disperses the ions 
according to their energies. The energy-resolved second-
ary ions pass through an energy-selecting slit and the 
mass spectrometer lens, which focuses them into the 
correct plane of the secondary magnet for minimum 
image distortion and maximum transmission. The 
secondary magnet then disperses the ions according to 
their mass-to-charge (m/z) ratio. The transmitted mass 
can then be subjected to various detection modes. Most 
SIMS instruments have either a magnetic sector mass 
spectrometer (the Cameca IMS- 3f, 4f, Sf, and 1270 for 
example) or a quadruple mass spectrometer (the Cameca 
MIQ 256, Kratos S930, and UC-SIM). Instruments 
which incorporate quadruple mass spectrometers are 
generally referred to as ion microprobes. With the ion 
microprobe, imaging is achieved by scanning a finely 
focused primary ion beam over the sample, while 
imaging with the ion microscope is achieved by using a 
broad primary beam as a source of illumination [44]. A 
finely focused primary ion beam has been used for 
improving the spatial resolution of SIMS images [30, 
41]. New instrumentation using time-of-flight mass 
spectrometry has recently been developed [39]. Time-of 
flight SIMS instruments are capable of molecular as well 
as elemental imaging [ 40). Each of these instruments 
offers different advantages depending on the objective 
and the specimen. 
The image detector most often used in ion microsco-
py is the microchannel plate/fluorescent screen assembly 
(MCP/FS) [46]. The MCP converts and amplifies the 
ion signal into an electron signal. That is, optimally, 
each ion hitting the MCP results in a burst of electrons 
emitted from the opposite side of the plate. Each elec-
tron burst is then converted into a photon signal by a 
fluorescent screen (see figure 3). Mantus and Morrison 
[34] found the signal to noise behavior of the MCP/FS 
well suited for SIMS detection. Images can be acquired 
from the MCP/FS through a variety of means including 
35 mm cameras, video tube cameras, solid state imaging 
devices such as charge coupled devices (CCD) and 
charge injection devices (CID). The slow scan CCD 
camera, for example, converts the photon signal pro-
duced by the MCP/FS into a data stream. This data 
stream can then be read and converted to a video 
capable format by an image processor, thereby making 
it possible to view and process the images. 
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Figure 2: A schematic of the Cameca IMS-3f ion microscope in our laboratory. 
Sample Preparation Methods 
A key issue in ion microscopy studies of biological 
materials is the sample preparation. This issue has been 
discussed in detail elsewhere [ 17], and we will address 
it only briefly. It is crucial that the native elemental 
distributions of the biological specimens be preserved 
while at the same time satisfying the instrumental 
requirements. The sample should be compatible with 
high vacuum, and it should be conducting since it will 
be held at 4.5 kV in the ion microscope. Due to a wide 
variety of biological sample types, the sample prepara-
tion has to be modified according to the need of a 
particular project. 
The localization of tightly bound elements and 
molecules in the tissue matrix that do not move under 
physiological conditions has been achieved by conven-
tional aqueous chemical fixation of the specimen (6, 10, 
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23, 28, 31, 35, 38]. Since it is not generally known 
which elements or molecules are tightly bound to the 
tissue matrix and will not relocate during chemical 
fixation and other sample preparation steps, a confirma-
tion of the results using cryogenic methods is desirable. 
Diffusible elements such as Ca, K, Mg, Na, etc., 
play very important roles in cell physiology. Their 
subcellular localization has been an area of intense 
research in ion microscopy [ 17, 20]. Conventional 
chemical fixation is not suitable for diffusible elements 
since they can redistribute throughout the specimen. 
Strict cryogenic methods which involve quick freezing 
of the specimen are necessary to preserve the native 
structural and chemical integrity of biological specimens 
(17]. Fast freezing cryosectioning followed by freeze-
drying is the method of choice for the preparation of 
biological tissues (18]. The major obstacle in this 
preparation method is mounting the tissue cryosections 
G.H. Morrison et al. 
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Figure 3: A schematic showing secondary ions hitting the microchannel plate (MCP), the burst of electrons emitted from 
the opposite side and hitting the phosphor screen, and the emission of photons by the screen hitting the CCD camera. 
flat onto the conducting substrate. Many times the 
cryosections curl and peel off the substrate during 
freeze-drying or SIMS analysis. This obstacle has been 
overcome by using indium metal as the substrate [42]. 
Cells grown in cultures have long been used to 
study many of the basic properties of the cell. They 
provide an excellent model for studying the distribution 
and transport of ions under physiological conditions. 
Preparation of cell culture samples for ion microscopy 
can be achieved in different ways depending on the 
needs of the particular project. A cryogenic method 
which makes it possible to satisfy instrument conditions 
and preserve the native elemental and morphological 
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distributions of the cells was developed in our laboratory 
[11, 19]. In this method, the cells are grown and treated 
on silicon wafers, an electrically conducting substrate 
which is not toxic to the cells. Once the cells have 
undergone treatments, they are sandwiched using a clean 
smooth silicon wafer. The sandwich is then fast frozen 
in cryogenic fluids and fractured by prying the two 
halves apart under liquid nitrogen. The cells are then 
freeze-dried prior to analysis. Fast-freezing and prying 
the two halves apart produces large areas containing 
many cells grouped together which have been fractured 
in a plane through the apical cell membrane. Such a 
fracture exposes the cell interiors for SIMS analysis. 
Biological SIMS 
Figure 4: A secondary electron microscopy image of an 
area which contains frozen freeze-dried mixed cultures 
of rat liver cells (rounded cells) and rat muscle myoblast 
cells (tubular cells). 
This method has been successfully used for cell mono-
layers [14], tumor cells which do not form monolayers 
[ 4], and for mixed cultures as shown in figure 4 [20). 
Studies of mixed cultures allow one to observe the 
response of two different cell types to a stimulus in the 
same field of view. However, the mixed culture ap-
proach is limited to cell lines which show clear differ-
ences in their morphological appearance. 
Quantification 
The measured secondary ion intensity, I, for a 
particular element M has been defined as follows [36): 
(1) 
where t is the practical ion yield representing the ratio 
of the number of M+ ions collected to the number of M 
atoms removed from the sample surface; Cm is the 
atomic concentration of the element M corrected for its 
isotopic abundance; S is the total sputtering yield (the 
number of atoms of any kind removed per incoming 
primary ion ); iP is the primary beam current density; 
and a0 is the area of the target surface. The primary 
beam current and the area of the target surface are 
precisely controllable, but the practical ion yield and the 
total sputtering yield (collectively referred to as the 
matrix effects) depend on many factors [46). This makes 
it challenging to quantify ion images. 
Quantification methods have been developed which 
rely on relative sensitivity factors (RSFs) [48). These 
methods involve measuring the elements of interest 
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relative to an internal standard, so that a degree of 
compensation for matrix effects is obtained. Ausserer et 
al. [2] developed a method of quantification for cultured 
mammalian cells. They used cell culture homogenates as 
calibration standards and determined relative sensitivity 
factors for B, Ca, K, Mg, and Na with respect to 
carbon, the matrix element which was used as the 
internal standard. RSFs were then determined by 
correlating ion microscopy and inductively coupled 
plasma atomic spectrometry analyses of the cell homo-
genates. A similar method was developed for tissue 
sections using ion implantation to add an internal 
standard [ 42). Other quantification methods involve 
using standard addition methods to dope the samples and 
obtaining calibration curves which can be used to 
determine RSFs. 
Another way to analyze ion images is to use a semi-
quantitative approach. This involves comparing ratios of 
ion intensity to a matrix element, such as carbon, of 
experimental and control specimens to determine if any 
differences exist. Using digital image processing the 
differences can readily be determined without having a 
rigorous quantitative method. This is very useful for 
many biological problems. 
Applications of Ion Microscopy in Biology 
Application of ion microscopy in biology can be 
divided into three types of studies: (i) localization studies 
of elements or molecules, (ii) dynamic transport studies 
of elements or molecules, and (iii) dynamic transport 
studies of elements or molecules using tracers. There are 
two kinds of tracers used in ion microscopy. A molecule 
or drug can be tagged with a stable isotope or it can be 
tagged with an element not present in the analyte matrix. 
Localization studies involve using ion microscopy to 
locate specific elements intracellularly or within tissue 
sections. The dynamic transport studies involve using 
ion microscopy to follow the transport of a naturally 
occurring element or a tracer element as a function of 
time. Localization studies seem to predominate biologi-
cal ion microscopy. An extensive review of the biologi-
cal applications of ion microscopy has been published 
recently by Linton and Goldsmith [32). In the following 
discussion we review a few biological ion microscopy 
studies. 
Ion microscopy has been used to study abnormal 
intranuclear structures rich in beryllium [5], to deter-
mine the localization of uranium in the shore crab 
Carcinus maenas [21], to study the localization of 
trifluorothymidinein the rabbit cornea [29), to determine 
the accumulation of aluminum in the brains of patients 
with renal failure in relation to Alzheimer's disease [9], 
G.H. Morrison et al. 
to determine chemical maps of normal and tumor gastric 
mucosa [37], to localize carbon-14 labeled molecules 
[27], and to localize neurotropic molecules in cultured 
glial cells [50]. Ion microscopy has also been used to 
quantitatively map elemental distributions in hard tissue 
such as bone and teeth (33]. In our own laboratory, ion 
microscopic localization studies include the localization 
of calcium, potassium, sodium, and magnesium in 
sequestering organelles [15], and the localization of 
boronated compounds for Boron Neutron Capture 
Therapy (4, 25, 49]. 
The co-localization of elements with sequestering 
organelles was possible by correlating laser scanning 
confocal fluorescence microscopy (LSCFM) with ion 
microscopy (15]. Organelles were first localized by 
LSCFM using fluorescent organelle stains. The same 
cells were then analyzed for elemental distributions using 
ion microscopy. With this approach it was possible to 
identify the Golgi apparatus as a calcium sequestration 
site. The Golgi region contained significantly higher 
total calcium concentrations.than any other region of the 
cell in several cell lines. Recently in our laboratory it 
was observed that calcium sequestered in the Golgi is 
sensitive to the growth hormone vasopressin [unpub-
lished observations by Zha, Chandra, Ridsdale, and 
Morrison], and that this region accumulates calcium in 
antigen-stimulated tumor mast cells [unpublished obser-
vations by Chandra and Morrison]. These observations 
indicate that the Golgi apparatus is involved in calcium 
sequestration and release under physiological conditions. 
Localization of therapeutic drugs to pinpoint intra-
cellular target sites and to evaluate the kinetics of their 
uptake and retention is another powerful application of 
ion microscopy. In our laboratory, ion microscopy is 
employed for examining the intracellular location of 
boronated drugs to be used in Boron Neutron Capture 
Therapy (BNCT) for cancer. BNCT is a radiation 
therapy for cancer based on the nuclear reaction that 
occurs when boron- IO is combined with nonionizing 
neutron radiation. Tumor cells must be loaded with at 
least 35-50 µgig of 10B and then irradiated with low-
energy thermal neutrons (3). Cell killing -is caused by 
the 10B(n,a)7Li reaction. The success of BNCT depends 
on boronated drugs which can be incorporated into the 
nucleus of tumor cells in sufficient quantities for effi-
cient radiation therapy. The precise intracellular localiza-
tion and concentration of boron must be known to be 
able to estimate the radiobiologic effects of boronated 
drugs. Ion microscopy is the method of choice for 
evaluating the uptake, localization, and quantity of boron 
delivered to cultured cells and tissue sections. Using ion 
microscopy, the uptake and subcellular localization of 
several boronated drugs has been determined (4, 25, 
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Figure 5: An ion image of boron distribution in F98 
glioma cells treated with the carboranyl nucleoside, 
CBU-3'. 
49]. Figure 5 shows an ion image of the boron distribu-
tion of F98 glioma cells treated with the carboranyl 
uridine nucleoside derivative, CBU-3' [45]. In this case, 
the boron concentration was found to be twice as high in 
the cytoplasm as in the nucleus [25]. 
Examples of dynamic transport studies of elements with 
SIMS include the study of lithium transport in the mouse 
brain (26], and the determination of the effects of 1,25-
dihydroxyvitamin D3 on the calcium, sodium, and 
potassium concentrations of the surface, subsurface, and 
cross-section of cultured bone [7]. The power of ion 
microscopy for studying ion transport was successfully 
demonstrated by imaging sodium-potassium fluxes after 
inhibiting the Na+ and K + -dependent adenosine triphos-
phatase of the plasma membrane with a specific inhibi-
tor, ouabain [ 16]. 
Another example of a dynamic transport study is the 
lanthanum study done in our laboratory [ unpublished 
observations by Zha and Morrison]. The electrochemical 
effects of lanthanum in nonexcitable as well as excitable 
tissue have been highly controversial: La 3+ appeared to 
inhibit Ca2+ responses in some systems, but stimulate it 
in others [47]. Using ion microscopy it was possible to 
study the effects of La3+ on the total intracellular Ca2+ 
distribution in LLC-PK 1 cells. It was found that La
3+ 
releases the Ca2+ which is sequestered in the Golgi 
complex and that a detectable amount of lanthanum is 
localized in intracellular compartments. Additionally, it 
was found that stimulation by ouabain amplified the 
effects of lanthanum, which is suggestive of the possible 
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presence of a Na+ /ea 2+ exchanger in a nonexcitable cell 
line, LLe-PK,. 
Examples of ion microscopic dynamic transport 
studies using tracers include the study of iodine in rat 
thyroid during the course of iodine deficiency [22], the 
study of in vitro and in vivo 44 ea labeling of bone [8], 
the mapping of 4 '-iododeoxyrubicin in metastatic 
squamous cell carcinoma [24], the study of calcium 
transport in the intestinal tissue of vitamin D-deficient 
and vitamin D-replete chickens [13), and the measure-
ment of the calcium exchange between intracellular and 
extracellular pools [12]. 
Ion microscopy is uniquely capable of imaging 
calcium efflux and influx from the same cells. By using 
stable 44ea (tracer) in the extracellular solution, one can 
study its exchange with endogenous cellular 40ea. The 
ion microscope, being a mass spectrometer, can image 
the transported calcium from the extracellular pool to the 
interior of the cell at mass 44 (44ea) and the remaining 
endogenous calcium at mass 40 (40ea) from the same 
cell. An example of direct SIMS imaging of calcium 
cycling using stable 44ea in the extracellular nutrient 
medium in resting LLe-PK, cells is shown in figure 6 
[12]. LLe-PK 1 porcine kidney epithelial cells were 
exposed to nutrient medium containing 1. 87 mM stable 
44Ca for 0, 1, 2, 5, 8, 20, 60, and 90 minutes, and 
cryogenically prepared for ion microscopic analy-
sis. Images from time points of 0, 1, 8, and 60 are 
shown in figure 6. 40ea images were recorded to deter-
mine the native intracellular calcium and 44 ea images 
were recorded to localize the calcium from the extracel-
lular medium that exchanged with the cellular calcium. 
The nucleus, the Golgi region, and the remaining 
cytoplasm were spatially resolved in ion microscopy 
calcium images. On the basis of the kinetics of 40 Ca to 
44Ca exchange, it was observed that all three compart-
ments had a rapidly exchanging pool of calcium which 
took about 2 minutes to exchange. A moderately rapidly 
exchanging pool of calcium was identified between 2 and 
20 minutes of calcium exchange. The cells had ex-
changed about 50 % of their total calcium in less than 20 
minutes. The remaining 50 % of the cellular calcium 
could be classified as a slowly exchanging pool. Since 
39K and 23Na images were also recorded along with the 
calcium images, injured or dead cells were easily 
identified and discarded from quantitative measurements. 
Healthy cells maintain a high intracellular potassium 
concentration and a low sodium concentration by active 
transport by the Na/K ATPase pump. The intracellular 
K/Na ratio ranges from 9 to 28 [l). Since damaged 
membranes do not offer barriers to ion gradients, the 
cells lose potassium and gain sodium in order to equili-
brate with their surroundings. It is known that mitochon-
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dria accumulate massive quantities of calcium in order 
to buffer the free ea2+ which has entered the cell from 
extracellular sources [ 43). The extracellular free ea2+ 
concentration is about four orders of magnitude higher 
than the intracellular free ea2+ concentration. By 
measuring the potassium, sodium, and calcium concen-
trations it is possible to quickly determine if a specimen 
was damaged during sample preparation [12). Figure 7 
shows an example of a cell which has been so severely 
damaged that even the nucleus is loaded with calcium. 
Several LLe-PK, cells are in this field of view. Figure 
7a is an SEM image from freeze-fractured freeze-dried 
cells which contain one badly damaged cell in the 
center. The higher magnification image (Figure 7b) 
clearly reveals the damage by showing a portion of the 
damaged cell and a portion of an adjacent well frozen 
cell. The ion microscopy images of these same cells 
show that as compared to the surrounding well preserved 
cells, the badly damaged cell is significantly lower in 
potassium (Figure 7c), higher in sodium (Figure 7d), 
and loaded with massive quantities of calcium, even in 
its nucleus (Figure 7e). It is obvious that the ion micro-
scope is capable of easily identifying injured or damaged 
cells so that they can be discarded from any physiologi-
cal explanation. 
Besides the isotopic detection, one of the most 
appealing features of ion microscopy to biological 
studies is its high sensitivity which allows one to record 
multi-isotopic images from the same cell within a 
relatively short period of time. The 39K and 23Na images 
can be viewed directly on the fluorescent screen of the 
ion microscope. In fact, 39K image is generally used for 
tuning the instrument to optimize the image quality of 
the cell culture specimens. 40ea images can also be 
viewed directly on the fluorescent screen of the ion 
microscope at a higher beam current density and micro-
channel plate gain. At present, such capability is not 
offered by any other microanalytical technique. 
Conclusion 
The high sensitivity and isotopic imaging capability 
of ion microscopy make it a powerful technique for the 
study of ion transport and calcium cycling under physio-
logical and pathological conditions. At present this is the 
only technique which provides direct imaging of calcium 
cycling in individual cells at subcellular resolution. This 
is a novel approach for studying phenomena involving 
both influx and efflux of calcium in response to stimuli. 
Ion microscopy is also a powerful technique for thera-
peutic drug localization studies at subcellular resolutions. 
It provides much-needed information for rational drug 
design. Ion microscopy is now at the stage where it can 
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40ca 
Figure 6: Ion images revealing the intracellular distribution of 40Ca, 44Ca, 39K, and 23Na isotopes in cryogenically 
prepared freeze-fractured freeze-dried LLC-PK 1 porcine kidney epithelial cells. The first row represents cells grown in 
medium that contained 1.87 mM naturally occurring calcium. The second, third, and fourth rows represent cells which 
were exposed to the nutrient medium that contained 1.87 mM stable 44Ca for 1, 8, and 60 minutes, respectively. Scale 
bar = 15 µm. C = cytoplasm, N = nucleus, and G = Golgi. (Reprinted with permission Chandra S, Ausserer WA, 
Morrison GH (1992) Subcellular imaging of calcium exchange in cultured cells with ion microscopy. J Cell Sci 102: 417-
425, The Company of Biologists Limited). 
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Figure 7: A SEM image showing several freeze-fractured freeze-dried LLC-PK 1 cells which include a badly damaged 
cell in the center (a). A higher magnification SEM image clearly reveals the damage (b). SIMS images of these same cells 
reveal the intracellular distribution of 39K (c), 23Na (d), and 40Ca (e). Scale bar: a = 10 µm; b = 10 µm. The circular 
field of view in SIMS images has a diameter of 150 µm. (Reprinted with permission from Chandra S, Morrison GH 
(1992). Sample preparation of animal tissues and cell cultures for secondary ion mass spectrometry (SIMS) microscopy. 
Biol Cell 74: 31-42). 
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provide previously unattainable answers to important 
biomedical questions. 
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Discussion with Reviewers 
P. Galle: You indicate that resolution in ion microscopy 
reaches 0.5 µm. Improvements have been made in that 
area (Slodzian G, Galle P (1992) La Vie des Sciences, 
CR, 9: 157-177). With these actual instruments, ele-
ments and labeled molecules have been imaged at better 
resolutions (Berry JP et al., 1992, Biol Cell 74: 93-98). 
Do you think this would be possible using cryopreserved 
tissues? 
Authors: Improvements in the spatial resolution in 
SIMS have already been discussed in the text (see 
Instrumentation section and ref. 30 ,41). It should be 
possible to use these instruments to image elements and 
labeled molecules in cryogenically prepared samples at 
better resolution. Indeed, we have been able to localize 
smaller cytoplasmic organelles such as the Golgi appara-
tus and mitochondria in cryopreserved, frozen-fractured, 
freeze-dried cultured cells. Although we have been able 
to recognize tissue features such as the brush border 
region, goblet cells, and nucleus in frozen, freeze-dried 
cryosections from intestinal tissue, the smaller cytoplas-
mic features are yet to be resolved in this sample type. 
We believe that with the higher spatial resolution of 
newer SIMS instruments this should be possible in these 
samples. 
G.M. Roomans: You mention that your freeze-fracture 
technique causes a fracture in a plane through the apical 
cell membrane. If this is taken literally, I cannot see the 
point of the technique, since only very little of the cell 
(part of the apical membrane only) is removed. Please 
explain. 
Authors: The presence of external cell growth medium 
complicates a direct analysis of the cultured cells with 
ion microscopy. The freeze-fracture technique produces 
a few randomly scattered areas containing up to hun-
dreds of cells grouped together where the fracture plane 
has split the apical side of the membrane, thereby 
exposing the cell interiors for direct analysis. The 
fractured cells consist of essentially the whole cells 
except for the outer leaflet of the apical membrane. 
Therefore, this method eliminates the need for removing 
the nutrient medium with unphysiological reagents, and 
at the same time freeze-fixes cells in their native state. 
Since dynamic SIMS imaging is based on sequentially 
eroding the cell surface in the z-direction, isotopic 
distributions in subcellular compartments can then be 
easily obtained in this sample type. For example, for 
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intracellular calcium distribution, we routinely image not 
only major cellular compartments such as the nucleus 
and the cytoplasm, but also a smaller perinuclear region 
which has been identified as the Golgi apparatus. 
G.M. Roomans: Could you comment on the advantages 
and disadvantages of the Cameca system compared to 
the instrument used by the group of Dr. Levi-Setti? 
Authors: In general, Cameca instruments have higher 
sensitivity than the University of Chicago scanning ion 
microprobe (UC-SIM), while the latter has higher spatial 
resolution capabilities. However, recently it was report-
ed that the elemental sensitivity of the UC-SIM has been 
upgraded by integrating a new magnetic sector mass 
spectrometer into the instrument (Ninth International 
Conference on SIMS, in Yokohama, Japan, Nov. 7-12, 
1993). Although the Cameca instruments are commer-
cially available and the UC-SIM is not, both types of 
instruments provide powerful techniques for solving 
many biomedical problems which cannot be undertaken 
by any other microanalytical techniques presently 
available. We believe the future emphasis of SIMS 
research should focus on solving important biological 
problems rather than picking out which instrument is 
better than the other. 
